It is a long-standing, but untested, hypothesis that histological alterations of the visual sensory thalamus (i.e., the lateral geniculate nucleus, LGN), as found in dyslexics postmortem, would be associated with alterations in the structural connections of the visual pathway [10]. However, to date there is no study that has yet examined the structural connections of the LGN in individuals with dyslexia. The reason is that the LGN's small size and deep position within the brain make it difficult to spatially map the LGN using noninvasive imaging techniques. Here we overcame this challenge by using ultra-high resolution 7 Tesla (7T) MRI quantitative T 1 maps to individually delineate the LGN in a group of dyslexic adults (n=12 , Table S1 ) and matched control participants (n=12 , Table   S1 ) ( Figure 1A and 1B). We particularly focused on the LGN in the left hemisphere given evidence that dyslexia is associated with functional and structural alterations particularly of left-hemispheric regions [16, 17, reviewed We tested the hypothesis that developmental dyslexia is associated with reduced structural connections between cerebral cortex areas and the LGN [10]. We targeted two white matter pathways: the structural white matter connections (i) between the LGN and primary visual cortex (V1), and (ii) between the LGN and middle temporal area V5/MT.
Results and Discussion
It is a long-standing, but untested, hypothesis that histological alterations of the visual sensory thalamus (i.e., the lateral geniculate nucleus, LGN), as found in dyslexics postmortem, would be associated with alterations in the structural connections of the visual pathway [10] . However, to date there is no study that has yet examined the structural connections of the LGN in individuals with dyslexia. The reason is that the LGN's small size and deep position within the brain make it difficult to spatially map the LGN using noninvasive imaging techniques. Here we overcame this challenge by using ultra-high resolution 7 Tesla (7T) MRI quantitative T 1 maps to individually delineate the LGN in a group of dyslexic adults (n=12 , Table S1 ) and matched control participants (n=12 , Table   S1 ) ( Figure 1A and 1B). We particularly focused on the LGN in the left hemisphere given evidence that dyslexia is associated with functional and structural alterations particularly The difference between dyslexic and control participants in the strength of left V5/MT-
LGN connections cannot be explained by differences in the size of seed or target masks between groups. Firstly, we corrected the streamline count in the LGN target masks for A prominent model of dyslexia proposes that subcortical sensory alterations as found in post-mortem studies and animal models are not related to core traits of dyslexia, such as poor reading and slow naming of letters and numbers [7] . Instead, subcortical sensory alterations are thought to solely explain sensory and motor symptoms that are only occasionally associated with developmental dyslexia. Contrary to this assumption, it has recently been proposed that slow naming and poor reading comprehension in developmental dyslexia relate to sensory thalamus dysfunction [16] . To test these opposing hypotheses, we correlated the connectivity indices of the tract for which we had found alterations in the dyslexics (i. LGN connections in dyslexics and a significant correlation of the connectivity strength of this pathway with rapid naming abilities in dyslexics only (see Figure S1 ). Developmental dyslexia has a higher prevalence in males than in females with a 3:1 ratio [3] . In the present study, all of the recruited participants were male. We therefore cannot make claims about female dyslexics as previous studies have shown gender-specific differences in dyslexia [e.g., 54]. In our study we focused on the left hemisphere given evidence that dyslexia is associated with functional and structural alterations particularly Table S2 ); and the interaction between group and cortical seed area in the surface-based analysis (but not the volume-based analysis) was marginally significant (P = .071). Future studies with a higher sample size will likely help to reveal potential hemispheric differences in thalamo-cortical connectivity in dyslexia.
Conclusions
This study is the first to show structural alterations in visual subcortical sensory pathways in developmental dyslexia. Additionally, it gives important insight into the functional relevance of cortico-thalamic connections for developmental dyslexia, both Cerebral microgyria, thalamic cell size and auditory temporal processing in male and female rats. Cereb Cortex 7, 453-464. 
STAR Methods

Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents may be directed to, and will be fulfilled by the Lead Contact, Christa Müller-Axt (muelleraxt@cbs.mpg.de).
Experimental Model and Subject Details
Participants Twenty-four adult German speakers were recruited for the current study. The sample included 12 participants with developmental dyslexia and 12 control participants (see Table S1 for participants' demographic data). Both groups were matched in chronological age, sex, educational level, handedness and non-verbal IQ. In the dyslexia group, 6 participants had a prior diagnosis of developmental dyslexia, while the other 6 participants reported having persistent reading and spelling problems since childhood.
Group assignments were confirmed by tests on reading speed and comprehension [56] and spelling [57] . In addition, skills of rapid automatized naming (i.e., RAN for numbers and letters) [27] were assessed. Participants with dyslexia scored lower than controls on the literacy tests as well as on rapid automatized naming for letters and numbers. The scores on the diagnostic tests of dyslexia are summarized in Table S1 . Written informed consent was obtained from all participants. The study was approved by the ethics committee of the Medical Faculty, University of Leipzig, Germany.
Method Details
Participant Inclusion Criteria
Participants had to meet the following inclusion criteria: (i) no prior history of neurological and psychiatric disorders, (ii) free of psychostimulant medication, (iii) no coexisting neurodevelopmental disorders other than dyslexia (such as dyscalculia, dyspraxia), (iv) no hearing disabilities, and (v) a non-verbal IQ within the normal range (≥ 85). The first four criteria were assessed via participants' self-reports. Non-verbal IQ was assessed with the Raven's advanced progressive matrices test [58].
All participants included in the present study (N=24) were native German speakers and were part of a larger sample (N=28) in a previous fMRI study [16] . Of the 14 participants in each group in the fMRI study, two dyslexics and one control subject were excluded from the present study because no diffusion MRI data could be obtained. An additional control subject was excluded because the non-verbal IQ was below the normal range (i.e., < 85).
Acquisition of High Resolution 7T MRI Data
Ultra-high resolution whole-brain anatomical images were acquired on a 7 Tesla
Magnetom MRI system (Siemens Healthineers, Erlangen, Germany) using a 24-channel head array coil (NOVA Medical Inc., Wilmington MA, USA). We employed a 3D 
Standardized Segmentation Procedure
In order to standardize the LGN segmentation procedure between raters and across participants, we first computed the histogram of T 1 relaxation times for each participant (number of bins = 1000, bin size = 4). This yielded clear peaks of T 1 relaxation times in grey and white matter for each participant. We then loaded the MRI volume of each participant in the viewer and set the minimum intensity to half a standard deviation below the individual white matter relaxation time peak, while the maximum intensity was set to half a standard deviation above the individual grey matter T 1 relaxation time peak (corresponding to 88% of the peak T 1 relaxation time intensities assuming a Gaussian normal distribution). This was done to optimize the visibility of the LGN.
Segmentations were then performed in coronal view aided by the sagittal and transverse views. All segmentations were performed in randomized order across participants. Finally, the LGN masks of both raters were conjoined, such that the final
LGN masks only comprised those voxels that were segmented by both raters ( Figure   1A ).
Inter-rater Reliability
Inter-rater reliability for the manual LGN segmentations was assessed by computing the dice coefficient as twice the amount of shared voxels between both raters' LGN masks divided by the total number of voxels in both masks: (2 × mask_1 ∩ mask_2) / (mask_1 + mask_2), wherein mask_1 and mask_2 refer to the LGN masks of rater 1 and rater 2, 
Registrations to Individual dMRI Data
Conjoined LGN masks were registered to the individual dMRI data using a combination of linear and non-linear registrations computed with FSL. To facilitate registration accuracy, we used the individual co-registered skull-stripped uniform images of the MP2RAGE sequence rather than the quantitative T 1 maps as input for these registrations.
The T 1 -weighted structural images (aligned with the dMRI data) served as registration target. The LGN masks were then warped into the individual space of the dMRI data by applying the obtained linear and non-linear registration parameters. All registrations were visually inspected for misalignments. Finally, the registered individual LGN masks were thresholded at an intensity of 0.4 (after linear interpolation to the target image) to preserve the volumes of the conjoined LGN masks. The group-specific LGN mask volumes after registration and thresholding are summarized in Table S2 .
Registrations to MNI Standard Space
For visualization purposes, we normalized the untresholded conjoined LGN masks in dMRI data space to MNI standard space (using the MNI 1 mm brain template as reference). We then averaged the LGN masks within each group to derive a voxel-wise probability map of anatomical overlap across participants ( Figure 1B) .
Definition of Cortical Regions of Interest
We employed both a volume-based and a surface-based approach to define the cortical regions of interest (ROI) left V1 and V5/MT. Both approaches are described in detail below.
Volume Table S2 (volume-based cortical ROIs).
The comparably great difference in chosen threshold for left V5/MT (10%) and left V1
(60%) atlases can be explained by a greater inter-individual structural variability in V5/MT location compared to V1 location. The maximum anatomical overlap in the probabilistic atlas of left V5/MT is 54% as compared to 100% for left V1.
Surface-based Definition of Left V1 and V5/MT Surface-based atlases of left V1 and V5/MT were derived from a recently published and cross-validated atlas based on fMRI [32] . We used the provided maximum probability maps (i.e., indicating the most probable region for any given point) instead of the full probability maps (i.e., indicating the likelihood that a given point is part of any region) in order to avoid probability and thus volume thresholding. As the surface-based atlas features separate maximum probability maps of both ventral and dorsal left V1, these two maps were conjoined to obtain a surface-based map covering entire left V1.
In order to map the surface-based atlases of V1 and V5/MT on each individual subject, we first reconstructed each participant's cortical surface using the software package Table S2 (surface-based cortical ROIs).
Probabilistic Tractography
We computed voxel-wise estimates of the fiber orientation distribution [72] from the preprocessed dMRI data using FSL. We estimated the distribution of up to two fiber orientations for each voxel, given the b-value and resolution of the dMRI data [73] .
Probabilistic tractography was performed in individual dMRI data space using FSL with default parameters. This produces an estimate of the probability and strength of the most likely location of a pathway [73] . We used modified Euler streamlining with the visual cortical areas (i.e., left V1 or V5/MT) as seeds and the participant-specific left LGN as both waypoint and termination mask to compute the connectivity between the LGN and the respective cortical area. All analyses were done separately for each pair of seed and target region. Tractography was only computed from the cortical region to the LGN to better detect possible non-dominant connections to the cortex, which might be missed by the algorithm when seeding in the LGN. In branching situations, probabilistic tractography has the tendency to miss the non-dominant connection (false negative results), which can be reduced by seeding in cortical areas [74] .
Connectivity Index
For each participant and pair of seed and target region, we computed a connectivity index, I, which was determined from the number of sample streamlines from each seed that reached the target [75] . As this number strongly depends on the number of voxels in the respective seed mask, we normalized the connectivity index, I, according to the following equation:
wherein waytotal refers to the number of streamlines from a given seed that reached the target (i.e., numeric output of the tractography algorithm), 5000 refers to the number of generated sample streamlines in each seed voxel, and V seed denotes the number of voxels in the respective seed mask. As the connectivity indices cannot be expected to be normally distributed across participants, we computed the logarithmic scaling (log) of each term of the equation to transform the connectivity index into a normally distributed variable (ranging between 0 and 1).
Tracking Consistency
To evaluate whether connections were consistently resolved in each participant, they had to meet three criteria: first, we evaluated the spatial consistency of the resolved connections across participants by visual inspection. This was done to assure that the reconstructed pathways followed the known anatomical literature priors [see e.g. 25].
Second, for the binary decision whether a specific connection was strong enough to be reliably detected by tractography, we regarded a connection between two brain areas as detected if at least 10 of the generated sample streamlines in a given seed region reached the target [76] . Finally, we computed the mean and standard deviation (SD) of the connectivity indices (i.e., log-normalized streamline counts) for both the left- 
Quantification and Statistical Analysis
Statistical analysis was performed using Matlab (version 8. Table S1 and S2, respectively.
Group differences in structural LGN connectivity were analyzed using 2x2 mixed-model ) [77] . Effect sizes for independent t-tests were calculated using
Cohen's d s [78] . All measures met the normality assumption as assessed with the Shapiro-Wilk test [79] . Table S1 . Demographic data and diagnostic tests for controls and dyslexics, related to Figure 1 , and Figure 4B . Spelling test, scores based on standard scores (mean = 100, SD = 10). c Reading speed and comprehension tests, scores are based on t-standard scores (mean = 50, SD = 10). Table S2 ), related to Table S2 ), related to Figure 4A , and Figure S1A . 
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